COSTS OF PRODUCTION
Greenhouse production is more expensive than producing the same crop in the open field. The most important factors determining costs are depreciation of the structure and equipment, labour, energy and variable costs such as plant 258 M.M. Peet and G. Welles Table 9 .1. Total protected cultivated area in the main horticultural countries (Costa et al., 2004) .
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GREENHOUSE STRUCTURES
Tomatoes can be grown in every type of greenhouse, provided it is sufficiently high to manage and to train the plants vertically. High light transmission is very important and this varies between 70% and 81% in modern greenhouses. In many countries above 50°N latitude, Venlo-type glasshouses, consisting of a 1.5 ha block of 3.2 m spans, are used (Atherton and Rudich, 1986) . Gutter height is 4-6 m to accommodate high wire planting systems, thermal screens and supplementary lighting. In other countries other greenhouse dimensions, structures and coverings may be used, as described below. For example, in China most of the greenhouse structures are unheated (Jensen, 2002) .
Frame types and greenhouse orientation
Greenhouse frames are generally made of aluminium or galvanized steel, though the ends of double-poly houses may be wood-framed. The shape varies (Fig. 9 .1) depending on: (i) expected snow load; (ii) use of natural ventilation; (iii) whether a number of houses are to be joined at the gutters; (iv) whether the covering is to be glass or plastic; (v) the growing system; and (vi) whether screens or artificial lighting are used. The straight sidewall greenhouse with arch roof is probably the most common shape, because it can be covered with double layers of plastic and connected to other houses at the gutter to create a large open growing area. Sidewall heights have been increasing and range from 3.5 m to 6 m in most new greenhouses. High sidewalls ( Fig. 9. 2) allow for a taller crop and for more climate control equipment (such as horizontal airflow fans, screens for shading or energy conservation, lights and heaters) to be installed above the crop. High sidewalls also increase the effectiveness of natural ventilation in open-roof systems. Space near the sides can be used more efficiently in straight sidewall than in Quonset-style structures. Gothicarch frame structures ( Fig. 9 .1), which have a peak at the top but curving 260 M.M. Peet and G. Welles sides, also provide adequate sidewall height without loss of strength and can be free-standing or part of a range of multi-span, gutter-connected units. The advantage of Gothic-arch structures in double-polyethylene greenhouses is better runoff of condensation from the inner layer of plastic. The runoff can be channelled outside the greenhouse, reducing greenhouse humidity. Greenhouses have traditionally been oriented north/south to optimize light, with cooling pads and sometimes insulation placed on the north side where they intercept less light. In large multi-bay greenhouses, which are almost square, orientation for light may be less critical than optimizing wind direction if the greenhouse is to be naturally ventilated (roof opening), so that the greenhouse is perpendicular to the direction of the prevailing winds during the hottest times of the production cycle. An additional consideration is that the distribution of shaded and non-shaded areas should be uniform over the course of the day. That is, all areas of the greenhouse should receive uniform illumination over a 24 h period in order for plant growth to be uniform throughout the greenhouse.
Coverings
There are three main types of greenhouse covering: glass, rigid plastics and polyethylene plastic film. Plastic film coverings can be either double or single. In cold climates, double layers are separated by a insulating layer of air, usually about 10 cm thick, to conserve energy. Traditionally, greenhouses have been made from glass; hence the use of the terms glasshouse and glazing (covering). Glass maximizes light transmission and requires only regular cleaning and sealing of the edges. Temperature extremes, dust or sand, ultraviolet (UV) radiation and air pollutants reduce life expectancy of all plastics, and polyethylene coverings are generally replaced every 2-4 years to maintain acceptable light transmission. Variations in plastic formulations and advanced extrusion technologies for polyethylene coverings make it possible to extend life and combine different types of plastic layers to modify thermal properties or to reduce condensate dripping. Newer plastics can reduce heat loss by 20% (Jensen, 2002) . Some manufacturers also offer wavelengthselective plastics said to reduce disease or insect pressure or to control plant height growth. UV-blocking films developed in Israel are said to reduce populations of flying insects such as whiteflies, aphids and thrips (Jensen, 2002) . However, issues such as pollination by bumble bees in greenhouses covered with wavelength-selective plastics have not been extensively evaluated. At this time, because of their higher cost wavelength-selective plastics are not widely used by growers.
Glass can be used in large panels (up to 1.8 m ϫ 3.6 m), reducing structural shading (Giacomelli and Roberts, 1993) . Glass is expensive compared with polyethylene plastic film, but is generally less expensive than rigid plastics with comparable properties. Tomato and cucumber yields in Ontario, Canada, were reported to be similar under all three types of coverings (Papadopoulos and Hao, 1997a,b) . Presumably this was because light was less limiting than in earlier studies in The Netherlands that compared single and double glass greenhouses. In these studies, 1% light loss during the production stage resulted in about 1% loss of production (Van Winden et al., 1984) . Whatever the type of glazing, increasing light transmission in greenhouses is always a priority for manufacturers of greenhouses and greenhouse coverings.
Rigid plastics used in greenhouse construction include fibreglass-reinforced polyester, polycarbonate, acrylic (polymethylmethacrylate) and polyvinyl chloride (Giacomelli and Roberts, 1993) . Some are energy efficient, have good light transmission in the first year of usage and last at least 10 years, but rigid plastics are more expensive than polyethylene films (Giacomelli and Roberts, 1993) . Additional disadvantages are that acrylic and fibreglass panels deteriorate from dust more rapidly than glass and are fire hazards. Like glass panes, rigid plastics are strong and can be installed as large panels to reduce shading from support structures. Compared with glass, plastic panels shade the house less, because they are generally stronger and so require less support. Insulated rigid double-walled plastic panels are sometimes used to conserve energy, but they reduce the rate of snowmelt compared to glass or plastic film, so more snow accumulates, which reduces light and can potentially collapse the greenhouse. Double-layer polyethylene greenhouses are also energy efficient, but the double layers can be collapsed when snow accumulates to increase melting rate. Thus, in Canada, Mexico and the USA, it is more common for new greenhouses to be covered with a double layer of plastic film than with glass or rigid plastic panels. In north-west Europe use of glass is common because of the economic value of light transmission. Double-poly houses often have quonset-style rounded roofs ( Fig. 9 .1), which contributes to condensate dripping on to leaves and makes it more difficult to design ridge openings for natural ventilation. However, roof opening designs (Fig. 9. 3) are now available for plastic film greenhouses as well as acrylic (Giacomelli and Roberts, 1993) .
Greenhouse installations
Modern glasshouses include automatic irrigation, ventilation and heating systems, and accommodate movable screens for shading or energy conservation. With flower crops, fogging systems and artificial lighting may be included and movable benches are often included for pot plants. For cooling, a new greenhouse type being tested in The Netherlands (ECOFYS, 2002; Armstrong, 2003) replaces ventilation with an aquifer-based cooling system. Solar energy is 'harvested' in summer and stored in the aquifer to be used in winter. With this method, energy savings of 30%, production increases of 20% in tomatoes and 80% reductions in pesticides can be realized, compared with most vented greenhouses. The greatest potential of these greenhouses is the ability to control humidity and CO 2 concentrations independently of temperature throughout the year. High CO 2 concentrations in summer increase yields by at least 20% (Nederhoff, 1994) . However, the system costs 50% more than a traditional greenhouse and has an 8-year payback period, even taking into account higher yield and greater efficiency.
CROPPING SCHEDULES
The tomato plant is a short-lived perennial and can be maintained for periods of a year or more in favourable environments. However, most production schedules allow at least a month between crops for clean-up and pest control. The time chosen to be out of production is usually based on unfavourable prices or environmental conditions. By seeding in late summer or autumn and carrying the crop until early summer of the next year, growers in southern latitudes avoid the high costs of summertime cooling, poor fruit set and quality, pest build-up and competition from field tomatoes. In northern areas and for large commercial operations, greenhouses produce almost year-round in order to lower costs per kilogram of produce and to avoid the problem of buyers switching to alternative sources in southern countries such as Spain. In some cases a second crop is interplanted (intercropped) (Fig. 9.4) examples where artificial lighting has been used successfully in The Netherlands (Marcelis et al., 2002) but the overall economics of artificial lighting have not been established. In the UK (Ho, 2004) , lighting is not currently considered cost-effective, but this situation may be changed by the introduction of new combined heat and power (CHP) units. A few growers, especially in the south-eastern USA and in some cases also in The Netherlands (approximately 100 ha), grow separate autumn and spring crops, leaving short production breaks both midwinter and midsummer. Where both autumn and spring crops are grown in the south-eastern USA, a separate transplant production house reduces carryover of pest and diseases. Additional advantages of a transplant house in those areas are the ability to maintain different temperatures and to add supplemental lighting or CO 2 enrichment. In The Netherlands, such transplant houses are not economical and all growers buy high quality plants at specialized plant nurseries.
There is considerable interest in organic greenhouse tomato production, but at this point, it is only a very minor segment of the industry. With organic systems, crop production must be certified by international organizations that regulate the types of material that can be used. Biological factors, such as soil condition and fertility and the use of beneficial insects, are the main factors used to assure a vital, healthy crop and good fruit quality. Use of high-analysis Vines of the older crops are turned at the walkway by wire supports. A retractable screen is used to shade the walkway, and others can be used to shade the crop if temperatures are excessive. Note also strips of yellow sticky tape over the crop to trap whiteflies. chemical fertilizers and most chemical pesticides is prohibited. The total area of organic production in the main tomato production areas in The Netherlands is < 1%. Because of the restrictions and the necessity in the European Community to grow the crop in soil, instead of a soilless substrate such as rockwool, yields are 20% lower than normal. Consequently market prices have to be at least 20% higher than for conventionally grown produce (Anonymous, 2003; Welles, 2003) . In the USA, the National Organic Program does not preclude soilless or hydroponic production, but rockwool is not allowed. All guidelines relative to organic fertilizers and pesticides must still be followed and the choice of cost-effective soluble organic fertilizers is very limited.
TRANSPLANT PRODUCTION
Transplant quality is defined as a plant free from pests and diseases, quickly grown with no suppression of yield due to poor quality roots. Transplant production requires 3-6 weeks, depending on temperature and light conditions. Tomato seed germinates best at 25°C, while seedling growth is optimal at 18°C night-time minimum and 27°C daily maximum. Germination rates are at least 80% and so only one seed needs to be planted per container. The ideal transplant size is 15-16 cm tall with a weight of 100 g (not including roots). A good transplant is one that is as wide as it is tall and is not yet flowering. A larger transplant means greater height, fresh and dry weight, and earlier yield so growers try to use a transplant as large as it is possible to handle (Atherton and Rudich, 1986) except in winter, when large plants may flower too early. Supplemental light (15,000 lx) and CO 2 enrichment (800-1000 ppm) during transplant production increase plant quality by increasing plant growth rates.
Seedlings for perlite or peat bag culture are generally started in small pots filled with the same medium, which are then planted directly into the container. Fertilization practices are similar to those of the production phase. Seedlings for rockwool systems are generally started in a sterile inert medium, such as rockwool plugs, and then moved into progressively larger volumes of media. Plugs should be presoaked with electrical conductivity (EC) 0.5 dS/m nutrient solution before seeding, then re-wetted the day after seeding and 4 days later. After emergence, EC can be increased to 1.0-1.5 dS/m. At emergence of the first true leaves, seedlings can be transplanted into 75-100 mm rockwool blocks (Fig. 9 .5). If seedlings are somewhat 'leggy', with long stems, they can be transferred into blocks with their stems bent 180 degrees, so that the original cube is upside-down inside the larger block and the main stem forms a 'U' shape, emerging vertically upwards from the block. Adventitious roots grow readily from the bent stems. If stems are to be inverted, water should be withheld for 24 h prior to transplanting to avoid stem cracking.
During the transplanting stage, plant density should be 20-22 plants/m 2 . A rule of thumb is that transplant leaves should not touch. EC in the blocks should be raised to 3.0 dS/m before the final transplanting to rockwool slabs ( Fig. 9.6 ). These slabs should have been leached and moistened according to the manufacturer's instructions and warmed to greenhouse air temperature before planting. Plants should be irrigated with nutrient solution immediately after transplanting. Table 9 .3 summarizes temperature, EC, pH and irrigation recommendations from germination through harvest. 
PLANT SPACING AND EXTRA STEMS
Generally, tomatoes are set out in double rows, normally around 0.5 m apart with 1.1 m access pathways between the double rows. In a typical 3.2 m Venlo house span, there are four rows of plants and two pathways. Plant populations are adjusted at the start of the crop by altering the in-row spacing and later in the season by allowing extra heads (side shoots) to develop. At the end of the season, plant populations can be increased by intercropping (see Fig. 9 .4). Atherton and Rudich (1986) gave detailed information on the relationship between plant density and yield per plant and the consequences of spacing for mean fruit weight and harvest costs. In general, under north European conditions a plant density of 2.5 plants/m 2 has been found to give the best financial margin. In more southern latitudes, a higher plant density (3.3-3.6 plants/m 2 ) may be used, because of higher light intensity. Similarly, the number of plant stems or side shoots allowed to develop should be based on light intensity. This ensures not only a high yield but also optimal quality, including taste. Uniformity of fruit size is also improved when the number of side shoots is matched to incident light (Ho, 2004 about two times higher radiation in winter and 40% higher radiation in spring compared with The Netherlands, and so optimal plant spacing in mid December is 50 cm rather than 55 cm and extra stems are left starting in week 5 rather than week 9. For spring, recommended spacings in Canada are 40 cm in the row, compared with 44 cm in The Netherlands.
CULTIVARS
The large red multi-locular 'beefsteak' type of tomato with an indeterminate growth habit is the industry standard in North America. 'Trust' has been the most popular red multi-locular type in North America, reportedly planted on 80% of the beefsteak tomato acreage, but 'Quest' and 'Rapsodie' are becoming more widely grown. 'Rapsodie' is also the most widely grown beefsteak tomato in Europe.
Smaller two-to three-locule round fruits (47-57 mm) or cherry tomatoes (< 15 mm) are the most common types grown in Europe, and a few areas also produce some 'pink' or yellow tomatoes. 'Eclipse', 'Prospero' and ' Aromato' are widely grown cultivars in Europe. Recently, there has been increased production of the smaller cluster tomato types, also called truss tomatoes or on-the-vine (TOV) tomatoes (Figs 9.4 and 9.6), in North America. In BC, Canada, for example, beefsteak tomatoes represent 24% of all greenhouse vegetables sold, and cluster tomatoes 34% (BC MAFF, 2003) . Cluster tomatoes can be sold loose, in plastic clamshells, in single-layer boxes or in net bags, but usually still have the vine attached. Yields of cluster and cherry types may be lower than those of beefsteak types, but this is not always the case (e.g Hochmuth et al., 1997 Hochmuth et al., , 2002 . Quality attributes for cluster types include uniformity of fruit size within the cluster, maintaining a fresh green calyx and vine after harvest, simultaneous ripening of all the fruit on the cluster and fruit staying on the vine after harvest. In Arizona and Canada, 'Campari' is widely grown in large greenhouse operations, but seed availability is limited. In BC, recommended cluster types included 'Jamaica', ' Aranca', 'Tradiro' and 'Vitador'. In The Netherlands, standard cluster tomatoes varieties are 'Clotilde', ' Aranca' and 'Cedrico'.
Greenhouse tomato seeds are relatively expensive (US$0.20-0.25 or more) compared with seeds of open-field cultivars. However, cultivars designed for outdoor production do not do well in greenhouses. Their determinate plant growth habit makes them hard to maintain over extended periods and they require higher light and lower humidity than greenhouse cultivars. Most greenhouse cultivars have a number of disease resistances. For production in the soil, or where cultivars lack resistances or sufficient vigour, greenhouse cultivars can be grafted on rootstocks. This practice is discussed further in the section on root grafting, below.
CROP MANAGEMENT

Training systems
In the 1970s and early 1980s, plants were trained up to the wire and then allowed to drape down the other side (the up-and-down system). The negative effects on yield of plant heads hanging down in the shade is now understood and the most widespread training system in The Netherlands and the northern USA at the present time is the high-wire system (Figs 9.2, 9.4 and 9.6), which allows one crop to be carried over several seasons. In this system, the growing tip remains at the top of the canopy, but the stem is lowered and trails along the base of the plants. This system combines the yield-improving advantages of maximum light interception by young leaves with increased labour efficiency resulting from easier removal of leaves and fruit. However, it requires a high enough greenhouse structure to accommodate the height of the horizontal wires used in training the plants and any screening materials used for shading or energy conservation. Foggers and CO 2 injection equipment are also sometimes installed above the crop.
The high-wire system requires early training of the main stem. As soon after transplanting as possible, plant stems should be secured to plastic twine hung from horizontal wires that run at a height of 3.2 m above the ground. The end of the twine is attached to the base of the stem with a non-slip loop. The twine is then wound around the stem in two or three spirals for each truss (Figs 9.4 and 9.6). The length of the supporting twine should allow an extra 10-15 m to unwind. Usually this extra twine is held in a winding hook placed near the wire (Fig. 9.3 ). As an alternative to winding twine around the stem, the stem can be clipped to the twine every 18 cm ( Fig. 9. 2). Clips can be sterilized and reused, but twine should be discarded after each crop. If the vines are to be 'leaned and lowered' (see below), it is useful to wind twine around the lower stem at least, as the twine provides a better support than clips, and it is also useful to start out with the stems angled in the direction in which they are to lean in the row.
The objective of 'leaning and lowering' is to keep the head of the plant upright for pollination and light interception and still have the clusters at a convenient height for workers even when crops are in the greenhouse for long periods ( Fig. 9 .2). When plants are near the overhead wire, the twines are unwound from the twine hook hangers and the twine and plant are both moved sideways down the horizontal wire. This process is called 'lowering' and is a delicate operation in order to avoid breaking the stems. It should be performed every 7-10 days. Flowering of the fourth cluster is a good developmental stage to start leaning and lowering, as the stem is relatively vigorous and should resist breakage. In some greenhouses, especially those using upright bags, the vines rest on special holders designed to give additional support. At the end of the double row, the vines are wound around a corner and back down the next row. Upright rods or wire supports are placed at the corners to turn the vines ( Fig. 9 .4) and this is another spot where vines frequently break. Black plastic drain tubes or other types of 'bumpers' are sometimes placed on the rods to protect the vine as it is turned. Vine breaks can sometimes be successfully mended with duct tape.
Intercropping or interplanting ( Fig. 9 .4) is a variation of the high-wire system that minimizes down time between crops and allows production of two crops per year. One row of old plants is removed in preparation for the new crop. Leaves of plants in the remaining row are removed except for the top four leaves. The height of the leafy part of the old canopy is adjusted to increase light penetration to the new plants. Young plants are then placed next to the existing plants in the row for the last month or so of a 6-month cropping cycle. The combination of intercropping and hanging gutters offers high production and year-round cropping. Disadvantages of intercropping are that greenhouse clean-up is more difficult and the foliage of the new transplants is high in nitrogen, stimulating whitefly feeding. Diseases may also be carried over, and if ethylene is used to promote ripening of the old crop of cluster tomatoes, transplants may be adversely affected.
Side-shooting and trimming
All greenhouse cultivars have an indeterminate growth habit, but if vines are not pruned, side shoots will develop between each compound leaf and the stem. These side shoots should be removed weekly, leaving only one main stem as a growing point (Figs 9.2 and 9.6). Workers must be careful not to remove the main stem accidentally, rather than the side shoot. If this happens, a side shoot can be left to form a new main stem, but yield is reduced and harvest delayed. For this reason, side shoots are usually not pruned until they are a few inches long, at which time they are easier to distinguish from the main stem. Knife pruning weekly will reduce the size of pruning scars and thus the risk of botrytis.
As is indicated in the section on plant spacing and extra stems (p. 268), extra side shoots may be maintained when light intensity is high compared with available leaf area. Sometimes an extra head is left (twin-heading, sideshoot taking) when a gap is left in the row by removal of a neighbouring plant. In The Netherlands, management of side shoots is an important tool for optimizing the fruit load of the crop and hence yield (De Koning, 1994) . Leutscher et al. (1996) presented an economic evaluation of the optimal number of additional side shoots, based on a modelling approach.
In the UK (Ho, 2004) , uniform fruit size is maintained by increasing the number of fruit left on the truss and letting a side shoot develop as light increases. During the winter and spring season in the UK, more than 50% of the fruit falls into the 40-47 mm class and only 35% into the preferred 47-57 mm class. However, during the summer, too many fruits fall into the less desirable 57-67 mm size. To address this problem in the UK (Cockshull and Ho, 1995) , crop densities are adjusted upwards from a relatively low density of 8000 plants/acre (20,000 plants/ha) in the winter, which gives > 70% fruit in the 47-57 mm class. The crop density is then increased during the summer to 12,000 plants/acre (30,000 plants/ha) by letting a side shoot develop on every other plant, resulting in 80% of fruit falling within the 47-57 mm class for the summer crop as well.
Trimming of the stems is done more or less weekly, depending on growth rate of the crop. With the high-wire system, side-shooting and other operations may be done standing on an electrical lift ( Fig. 9.7 ).
Pollination
Before the early 1990s, each flower cluster had to be vibrated with an electric pollinator at least three times weekly to release pollen. Poor pollination results in flower abortion and/or small, puffy or misshapen fruit. It is particularly important to get good fruit set on the first three clusters to establish an early pattern of generative growth. Pollination should take place at midday, when humidity conditions are most favourable (50-70%). If humidity is too high in winter, temperatures can be raised by 2°C at midday to reduce humidity, but in summer too high a mean daily temperature reduces pollen development and release (Sato et al., 2000) . Temperatures that are too low (night temperatures below 16°C) (Portree, 1996) have the same effect. Compensation with high day temperatures is possible.
Commercially, bumble bees are now used for pollination. Generally, one worker bee can service 40-75 m 2 (Portree, 1996) and so 5-7.5 hives/ha are required. As well as saving labour, increases in yield and quality have been reported (Portree, 1996) compared with manual vibration. Hives are placed on stands 1.5 m above the ground along the centre aisle ( Fig. 9 .8) and protected from ants with sticky bands or water troughs. Hives should be shaded by foliage or covers, and marked distinctively above the hive and around the entrance so that bees can return to the correct hive (Portree, 1996) . Bees are docile, unless the hive is disturbed or an individual is squeezed, but it is still a good idea to maintain first aid supplies on site.
Some additional management of the bees throughout the season is also required. Bees harvest pollen from the tomato flowers to maintain their young, but early in the season a small amount of pollen by the exit hole helps to establish the hive. Tomato flowers do not produce a source of carbohydrates and so the grower must supply a sugar-water solution. Usually there is an indicator so that the solution can be replaced as it is used. Solution levels should be monitored daily and the solution should be replaced if it becomes cloudy from contamination. No broad-spectrum insecticides or those with residual action should be used once a hive is in place. All pesticides should be checked for effects on bees and, if compatible, application should be done at night with the hive closed and covered. Within 2 months or less, most hives will need to be replaced. Some pesticides may be used if the hives remain closed for 3 days after treatment. The health of the hive can be monitored by observing activity (Fig. 9 .9) and looking for brown bruise marks on the anther cone as evidence of flower visitation. At least 75% of withered flowers should have evidence of bee visits. 
De-leafing
When vines are lowered, leaves are removed to prevent disease development (see Fig. 9 .2). To avoid introducing Botrytis, leaves should be cut with a knife or pruned flush to the stem ( Fig. 9.6 ). The amount of de-leafing that occurs higher up the plant varies. Typically 18 compound leaves are left on 'Trust' but only 14 on 'Quest', which is a more vigorously growing cultivar. A vigorously growing plant will produce 0.8-1 truss and three leaves per week. When total leaf numbers reach the maximum desired, from that point on the bottom two to three leaves are removed each week, depending on the average 24 h temperature. If the plant is still too vigorous, the middle one of the three leaves between each cluster can also be removed. Also the leaf under the truss can be removed at the same time as the sucker. Pruning may be less severe during the final months of a crop, leaving 18-21 leaves. The purpose of de-leafing higher up the plant stem is to increase light penetration and air circulation. Typically, all leaves are removed below the bottom fruit cluster, but de-leafing may be more severe when a new crop is intercropped next to the old ( Fig. 9.4 ). Effects of de-leafing on light interception and yield are discussed in Chapter 4.
Another factor to be considered in de-leafing is the effect on diseases, pests and beneficials. Removing lower leaves from the greenhouse and then destroying them will remove whitefly immatures developing on lower leaves. However, if beneficials have been introduced, they will have parasitized the immatures, and removing and destroying leaves will also prevent the beneficials from emerging. If parasitized pupae are known to be present, leaves are sometimes removed but left piled in the greenhouse for a few days to allow emergence. In this case, de-leafing and leaf removal represent a trade-off between emergence of whiteflies, emergence of beneficials and spread of disease from the discarded leaves. If botrytis is present, however, leaves should be removed from the greenhouse immediately after pruning.
Fruit pruning and development
The purpose of fruit pruning is to increase fruit size and fruit quality and to balance fruit load. Pruning can also be used to maintain uniform fruit size. Misshapen fruits and small, undersized fruits at the end of a cluster are always removed, as these will generally not grow to marketable size and are thought to reduce the size of other fruits on the cluster. In some cases, all clusters are pruned to leave only the four fruits nearest the plant (proximal fruit).
Whether or not clusters are pruned depends on the expected fruit size for that cultivar, how many fruits normally form on the cluster, growing conditions and the size demanded by the market. A typical benchmark for beefsteak tomatoes is to have no more than 18 fruits present on the plant at any one time. Yield prediction may be achieved with the help of an expert system, such as that used commercially in The Netherlands (http://www.LetsGrow.com). During periods of good fruit set, flowers can be removed before setting (within 3-6 days of opening). If fruit set is poor, only misshapen fruits are removed. The recommended fruit pruning practice for large-fruited cultivars such as 'Trust' is to prune the first three trusses to a total of eight to nine fruits and subsequently leave four fruits per truss. If fruit loads are low, this can be increased to five fruits per truss, or, if expected fruit size is low, decreased to three per truss. With cluster tomatoes it is most important that fruits develop regularly in each cluster. With some cultivars, up to eight to ten fruits can be allowed to develop on each cluster. Effect of fruit pruning on fruit size is also discussed in Chapter 4.
When some greenhouse tomato cultivars are grown under relatively low light conditions, the peduncles of the inflorescences (trusses) are too weak to support the weight of fruit they bear and are liable to bend (Horridge and Cockshull, 1998) or 'kink'. Another reason sometimes given for kinking is too high a temperature during the vegetative phase, which causes the truss to become almost vertical ('stick trusses'). As fruit develop on these trusses, they may become kinked (Fig. 9.6 ). Truss hooks suspended from the tomato stem prevent heavy trusses from pulling off the vine and keep the cluster from bending sharply under the weight of the fruit. Truss support devices, which also include peduncle clamps, are thought to prevent a reduction in fruit size on kinked trusses. There is some evidence for this in the scientific literature, though results are not conclusive (Horridge and Cockshull, 1998) . The standard practice to prevent kinking is to apply truss braces for the first eight to ten trusses. Truss braces are applied to the cluster before fruit development, when the stem is still flexible. Some growers rub the underside of the truss with a roughened piece of PVC piping to create a scar, but this method requires experienced labour and heavy application to reduce truss kinking.
Topping plants at the end of the crop
The growing point is removed 5-8 weeks before the anticipated crop termination date. A week later, all remaining flowers are removed. An individual fruit requires 6-9 weeks from anthesis to harvest, and so flowers or small fruit present after topping will not have enough time to develop to maturity. It may be helpful in summer to leave some shoots or leaves at the top of the plant to shade the fruit and prevent sunscald. Leaving shoots at the top (or not topping at all) is also thought by some growers to provide shade to top fruit and increase transpiration, thereby reducing risks of fruit cracking and russeting. For further discussion of factors contributing to cracking and russeting, see Chapter 6. With the high-wire system used in northern Europe and in the USA, topping during the growing season is practised infrequently and plant stems continue to grow from December of one year until November of the following year.
SUBSTRATES AND SUBSTRATE SYSTEMS
Except for organic growers, there is relatively little commercial tomato production directly in the soil. In Europe and Canada, and in large greenhouse complexes in the USA, 95% of greenhouse tomatoes are grown on inert artificial substrates, a system usually referred to as soilless culture. The term 'hydroponic' can refer to soilless culture or to systems such as nutrient film technique (NFT), in which no solid substrate is used and water flows almost constantly down troughs holding plant roots.
Rockwool is the most common substrate for soilless culture (Sonneveld, 1988) . Manufactured by heating basaltic rock, rockwool is usually provided as plastic-wrapped slabs of spun wool. A distinctive characteristic of rockwool is its high air-holding capacity even when fully saturated. Slabs are available as high or normal density. High-density slabs have good structural stability, high water-holding capacity and good capillarity. Normal-density slabs are less compact and have a slightly lower water-holding capacity. They are still structurally stable and have good capillarity (ability of water to rise to the surface through channels in the rockwool, thus becoming available to the plant). If the slabs are to be reused after pasteurization, higher-density slabs should be chosen.
For tomato crops, rockwool of density 10-12 l/m 2 is recommended (Sonneveld and Welles, 1984) . Sizes up to 16 l/m 2 and down to 5 l/m 2 can be used, but higher volume increases cost, while lower volume leaves little buffer for errors in irrigation. The size selected will depend on the amount of water to be applied to the crop, the plant density and the row centre spacing. Typically, either 90 ϫ 15 ϫ 7.5 cm slabs hold two plants, or 120 ϫ 15 ϫ 7.5 cm slabs hold three plants. The greenhouse floor should be covered with white polythene to suppress weeds and increase light to the crop. If the greenhouse floor is not heated, rockwool slabs may be placed on polystyrene for insulation. In closed systems, return gutters are placed under the slabs to recapture excess water (overdrain). The slabs should either be placed flat or with a 2% slope towards the drainage ditch. One advantage of the hanging gutter system (see Figs 9.2, 9.6 and 9.7) is that it is possible to control the slope more accurately than when bags are placed on the floor, and thus irrigation can be more uniform. In addition, gutters can be moved so that plants are at a convenient height for workers. Finally, hanging gutters allow installation of hanging tubes for cooling and control of humidity in closed greenhouses, as discussed in the section on greenhouse installations (above).
Although rockwool is the most widely used substrate in soilless culture, perlite, peat and to some extent also pumice (rock and limestone) are also used. Perlite is a volcanic glass formed when lava cools very rapidly, trapping small quantities of water. The glass is crushed and heated, vaporizing the trapped gas, which expands the material into foam-like pellets. Initial pH of perlite is near neutral. Typically 0.03 m 3 of medium to coarse perlite is sealed into opaque white-on-black polyethylene bags treated with enough UV inhibitors to last 2 years. Bags are typically 1.1 m long by 0.2 m wide and contain three plants. Some growers buy perlite in bulk and fill bags themselves to cut costs. Drainage slits are cut about 25 mm from the bottom of the bag to provide a shallow reservoir for nutrient solution. As with rockwool slabs, water rises from the reservoir through capillary action to replace that lost by plant transpiration, maintaining a constant moisture profile as long as the reservoir is maintained. Perlite can also be placed in buckets (Fig. 9.10 ).
Rockwool and perlite have many similar advantages: (i) excellent aeration and water-holding capacity; (ii) sterile and lightweight when dry; (iii) easily installed and cleaned up; and (iv) both types of medium can be unwrapped, steam sterilized, rebagged and used again once or twice. Successful reuse of the medium without sterilization has also been reported. Yields in Florida were comparable for new rockwool (two brands), 1-and 2-year-old rockwool, upright peat bags and lay-flat peat bags (Hochmuth et al., 1991) , as has also been seen in numerous experiments in The Netherlands (Sonneveld and Welles, 1984) . There may be increased commercial interest in perlite, pumice or other substrates in the near future, since disposal of rockwool is difficult, reuse is limited and some consider peat to be a non-renewable resource. In a trial of growing media at the University of Arizona (Jensen, 2002) , there were no Fig. 9 .10. Bato ® Buckets containing perlite in a North Carolina greenhouse. Note white PVC pipe on the floor to collect drainage from the buckets, to be recirculated with the addition of some fresh water and nutrients as needed. Black plastic clips have been used to attach the vine to the twine. Spools near the greenhouse roof allow the vines to be lowered. A horizontal airflow fan for air circulation and yellow sticky cards to monitor whiteflies can also be seen above the plants.
significant differences in yield of greenhouse tomatoes between five different media (coconut coir, perlite, peat-vermiculite mixes, coir/perlite and rockwool).
NUTRITION AND IRRIGATION
Nutrition
Symptoms of nutrient deficiency and excess, pH, EC and ion ratios are discussed individually in Chapter 6. Tables 9.4 and 9.5 provide fertilizer, pH and EC recommendations for tomato production in rockwool and other soilless systems in the south-eastern USA and in Canada. Compared to the Canadian recommendations (Table 9 .5), Florida recommendations (Table 9 .4) are lower and increase more gradually. This is based on findings by Florida researchers (Hochmuth and Hochmuth, 1995) that higher fertility levels result in excessive vegetative growth (bullish plants) under high light and temperatures. Voogt (1993) discussed nutrient uptake of tomato crops in The Netherlands. In systems with drip irrigation, nutrients are usually injected into the irrigation water (fertigation) from concentrated solutions in stock tanks. The fertilizers must be separated into at least two tanks (Fig. 9.11 ) to avoid precipitation of calcium phosphate and calcium sulphate. Some greenhouses have duplicate sets of stock tanks, so that irrigation will not be interrupted while solutions are remade. A third tank may be added for pH correction, and some large commercial greenhouses inject out of six or more separate tanks to give better control of the nutrient solution.
Controlling growth
As well as avoiding nutrient deficiency or excess, it is also important to control the balance between vegetative and reproductive (or generative) growth in the tomato crop. A well-balanced plant (OMAFRA, 2001) has a thick stem, dark green leaves and large, closely spaced flower clusters that set well. Specifically, the stem should be 1 cm thick 15 cm below the growing tip. Thicker stems indicate excessive vegetative growth and are usually associated with poor fruit set and low productivity. Thinner stems usually indicate carbohydrate starvation, slow growth and, ultimately, low overall productivity. There are a number of ways to control this balance, including the environmental controls summarized in Table 9 .6. EC, water supply and the ratio of nitrogen to potassium in the feed also influence plant balance. EC influences plant growth through its effect on plant water relations (Heuvelink et al., 2003) . High salinity in the root environment, infrequent irrigation and low volume of irrigation water reduce water availability to plant roots, thereby decreasing water uptake and overall growth rate, and steering the plant towards generative growth. High temperature and low relative humidity also have a generative effect, because they make water less available, resulting in 'hard' plants and slow growth. Lowering nitrogen or maintaining a high potassium/nitrogen ratio in the fertilizer feed is another technique to reduce the rate of growth and steer plants towards generative development (OMAFRA, 2001).
Recirculating systems
There has been increasing interest over the past decade in nutrient-recycling systems with provision for disinfection of the water, and/or replenishment of nutrients before reuse. Recirculation can decrease fertilizer costs by 30-40% and water usage by 50-60% (Portree, 1996) . In an open (non-recirculating) system, in order to compensate for variations in drippers, 20-50% excess irrigation is applied and plants draw from a small reservoir in the individual bag or slab. The main problem with open systems is that in areas of intensive production there may be significant discharge of nutrients into the environment. Provisions for reuse or at least recapture of greenhouse runoff should be designed into new greenhouses, as they are already required in many countries and recapture systems are not easy to retrofit. All NFT systems recirculate nutrient solution. In the original NFT systems, the starter nutrient solution was replenished by a 'topping-up' solution (Jones, 1999) as it was used up by plant transpiration. The solution was then discarded after some period of time, usually 2 weeks, and a fresh solution made up to correct nutrient imbalances. In modern systems, the solution is monitored for salts and water, and specific nutrients may be replenished. There are many different types of closed recirculating systems available and experimentation continues in this area. In The Netherlands (Voogt and Sonneveld, 1997 ) the most common system to capture runoff is that of plastic gutters with rockwool slabs (Fig. 9.12 ). In the southern USA, Bato Buckets ® can be used to collect drain-water (Fig. 9.10 ), using drainage outlets that suction excess water from the reservoir in the bottom of the Bato Bucket ® into a PVC pipe.
The main problem with these systems is preventing contamination by pathogens. Additional considerations are oscillations in nutrients caused by plant uptake and autotoxicity. Ikeda et al. (2001) listed the following types of control methods: (i) physical and cultural: heat treatment, UV radiation, membrane filtration, nutrient solution temperature, pH and EC control, and sanitation; (ii) chemical methods: ozone, chlorination, iodination, hydrogen peroxide, metal ions, inorganic elements, non-ionic surfactants and chitosan (a bioactive product derived from a polysaccharide found in the exoskeleton of shellfish such as shrimp or crabs); and (iii) biological: slow filtration, rhizosphere bacteria and antagonistic fungi, mycoparasitic fungi, suppressive substrates, and biosurfactants.
Irrigation
Large amounts of high quality water are needed for plant transpiration, which serves both to cool the leaves and to trigger transport of nutrients from roots to leaves and fruits. Water consumption of 0.9 m 3 /m 2 /year is estimated for greenhouses in The Netherlands (Anonymous, 1995) and 0.8 m 3 /m 2 /year for BC, Canada (Portree, 1996) . Before building a greenhouse, it is important to ensure adequate water availability and quality. EC should be < 0.5 dS/m, pH from 5.4 to 6.3 and alkalinity < 2 meq/l. Water treatment to lower alkalinity and adjust pH is usually possible, if expensive. Lowering EC by reverse osmosis is usually not economically feasible but in The Netherlands it has been shown that an alternative water treatment consisting of mixing a poor quality water supply with rainwater increases irrigation water quality.
Frequency of irrigation varies with substrate rooting volume and waterholding capacity. In rockwool slabs, rooting volume is very restricted, and slabs may be watered five to six times per hour, or up to 30 times a day under summer conditions. Gieling (2001) developed a basic controller for water supply. Watering frequency in perlite systems is usually less than in rockwool systems, but more frequent than in peat bag systems, which may be watered only three to four times a day. The amount of water needed by plants varies from 1 to 14 l/m 2 /day (0.4-5.6 l/plant/day), depending on stage of growth and season. Daily timing of irrigation cycles also varies with water demand. For example, when the heating system is on during the winter, up to 50% of total daily transpiration can take place at night, compared with only 5-8% of the daily total during summer nights (Portree, 1996) . In rockwool systems, fertigation should begin 1-2 h after sunrise and end 1-2 h before sunset to decrease diseases as well as summertime russeting and fruit cracking. Night watering may be needed during the winter, when night-time heating decreases relative humidity, and in summer if conditions are hot and dry (OMAFRA, 2001) . In The Netherlands a well-balanced irrigation model has been developed for recirculating systems, based on leaf area, air temperature and season (De Graaf, 1988) . Very accurate weighing units are being introduced, so that moisture content of the slab, as well as plant transpiration, can be monitored every hour to avoid stress to plants.
ENVIRONMENTAL CONTROL
Because of their increasing sophistication, ease of use and affordability, even in relatively small greenhouse ranges, computers are used to control temperature, relative humidity, CO 2 concentrations and light intensity. They are also very useful in providing a history of the crop environment over time and alerting operators to malfunctions. Computers can control many mechanical devices within a greenhouse (vents, heaters, fans, evaporative pads, CO 2 burners, irrigation valves, fertilizer injectors, shade cloths, energysaving curtains) based on preset criteria, such as outside or inside temperature, irradiance, humidity, wind and CO 2 levels. More importantly, they can integrate the results of different sensors and process all the data to achieve a desired result, such as maintaining a particular temperature or humidity regime. It is much easier to balance plant growth using environmental controls in a computerized greenhouse. Computer control of irrigation and fertilization regimes based on environmental conditions is discussed in Chapter 6.
Relative humidity
Humidity in a greenhouse is a result of the balance between transpiration of the crop and soil evapotranspiration, condensation on the greenhouse cover and vapour loss during ventilation. In winter, humidity is generally low because of low transpiration and high levels of condensation, but humidity levels may be high in late spring and autumn. Energy conservation features, such as the use of double layers of polyethylene films, have increased relative humidity (Hand, 1988) .
Although computer control programs can be very sophisticated, there are limitations on the effectiveness of humidity control. For example, as vents are opened and closed to control temperature, the humidity and CO 2 levels also change. If humidity levels become too high, while temperatures remain in an acceptable range, some combination of heating and ventilation may be necessary to maintain acceptable humidity and temperature. In glasshouses with vents, the heat should be turned on and the vents opened. In houses with fans, the fans should be turned on for a few minutes and then the heater turned on to maintain air temperature. Venting for humidity control is most effective when outside air is significantly cooler and drier than that inside the greenhouse. As cool, dry air heats up in the greenhouse, it absorbs moisture and lowers the humidity. Humidity reduction by bringing in outside air can be somewhat effective even if the outside air is very humid, as long as it is significantly cooler than the inside air. In practical terms, however, outside air should be significantly cooler and drier to justify the cost of ventilation. With a 'closed' glasshouse, humidity control may be achieved without influencing other climatic factors because cooling is provided by stored groundwater rather than ventilation (see section on greenhouse installations, above).
Relative humidity is sometimes discussed in terms of the corresponding vapour pressure deficit (VPD) of the air, i.e. the amount of moisture in the air compared with the amount of moisture the air could hold at that temperature. This topic is discussed further in Chapter 6. In a study in The Netherlands (Bakker, 1990) , high humidity (low VPD) reduced leaf area because of calcium deficiency, and also increased stomatal conductance, reduced final yield and reduced mean fruit weight. This study was conducted over a fairly limited range of VPDs, however: 0.35-1.0 kPa in daytime and 0.2-0.7 kPa at night. It is unclear to what extent low humidity (high VPD) is deleterious to the plant if adequate water is available, but in general, VPDs > 1.0 are considered potentially stressful. In northern Europe, VPDs > 1 kPa are rarely seen, but they will sometimes exceed this range in parts of North America and certainly in southern Europe. A greenhouse temperature of 26°C and relative humidity of 60% would result in a VPD of 1.35, for example. In arid climates, greenhouse VPD can be as high as 3-5 kPa. If plants transpire more water than can be supplied through the roots, fruit may develop blossom-end rot (BER) and stomates may close, resulting in poor growth. Chapter 6 gives a fuller discussion of humidity and temperature interactions and recommended VPD levels.
The most important reason for reducing humidity and keeping leaf surfaces dry is disease prevention. Diseases spread rapidly when VPD is 0.2 kPa or less, and germination of fungal pathogen spores increases on wet leaf surfaces. This is most likely when warm sunny days increase leaf transpiration and evaporation but moisture is held as water vapour until air cools to the dewpoint at night. Water vapour then condenses on to cool surfaces, such as the leaves and the inside skin of the greenhouse, and drips from the greenhouse skin on to the leaves. Wetting agents, either sprayed on the inside film or incorporated into the plastic, prevent condensation from dripping onto the plants because moisture remains as a film, which slides off in a sheeting action rather than dripping off on to the leaves. The problem of condensate dripping on leaves is most severe in quonset-style double-poly greenhouses, because the rounded arch makes it hard to collect and remove drainage. Glass and acrylic panel greenhouses are less humid to start with and the roof is more steeply pitched, as is also the case with Gothic-arch greenhouses, so moisture runs off rather than accumulating. It can then be collected and drained to the outside. Increasing air movement to 1 m/s (leaves move slightly) in the greenhouse reduces condensation on the leaves by reducing temperature differences between the leaf surface and the air, thereby preventing leaf surfaces from cooling below the dewpoint. Air movement can be increased either by running the fans on hot-air furnaces or by horizontal airflow (HAF) fans. These small fans (Fig. 9.10) are placed along the sides of the house to push air in one direction on one side of the greenhouse and in the opposite direction on the other side, and they operate continuously, except when the exhaust fans are turned on. This creates a slow horizontal air movement, which also makes temperatures more uniform.
In The Netherlands a condensation model has been developed (Rijsdijk, 1999) that enables growers to modify the heating regime during sunrise (the typical period when condensation is formed) as a function of measured fruit temperature rather than by use of ventilation fans. Condensation can form on the fruit because at sunrise air heats up faster than the fruit and so the surface is colder than the air. Fruit heats more slowly than leaves and so fruit temperature is measured rather than leaf temperature. If no condensation forms on the fruit, it should also not occur on the leaves.
Temperature: heating and cooling
Maintaining optimal temperatures
Optimal day and night temperatures for different crop developmental stages are shown in Table 9 .3. As temperatures increase within the range 10-20°C, there is a direct linear relationship between increased growth and development. If daytime temperatures are warm, night-time temperatures can be allowed to fall to conserve energy as long as the means remain in the optimal range (see also Chapter 4).
In The Netherlands, temperature integration strategies in tomato production in glasshouses target mean daily temperature rather than maintaining specific day and night temperatures (De Koning, 1990) . Energy savings of 10-15% have been realized, compared with maintenance of regimes of high day and low night temperature regardless of the 24 h mean. Work summarized in Papadopoulos et al. (1997) suggested that, over periods ranging from 24 h to several days, plants tolerate some variation about the optimal temperature. For example, tomatoes can tolerate a deviation of 3°C below standard for 6 days, provided the following 6 days are 3°C above standard and as long as the average temperature over the 12-day period stays the same. Even a deviation as high as 6°C can be tolerated if the 6-day temperature average is unaffected (De Koning, 1990; Portree, 1996) .
Energy conservation measures are widely used in greenhouses in northern latitudes to reduce heating costs. Pulling thermal curtains of porous polyester or an aluminium foil fabric over the plants at night reduces heat loss by as much as 20-30% on a yearly average. Dual-purpose lightweight retractable curtains are sometimes used for energy conservation at night and for shade in daytime. In most southern growing regions, such as Spain and the southern part of the USA, however, thermal curtains will not provide enough energy saving to justify their high cost; and even rolled to the side, shading during the day gives rise to production losses. They are also not practical in most Quonset-style greenhouses, because there is not enough space overhead to pull them back and forth.
Maximal temperatures for greenhouse tomato production are less well established but are considered to limit summertime production in southern latitudes, especially where evaporative cooling is less effective because of high humidity. There are three common methods of greenhouse cooling: (i) natural ventilation; (ii) mechanical fan-and-pad cooling; and (iii) fog cooling. In The Netherlands, a new system is being tested at tomato nurseries that utilizes heat storage, heat pumps, heat exchangers and cooling plates to control greenhouse temperatures. With these closed greenhouses, temperatures can be kept below 26°C (De Gelder et al., 2005) . (See section on greenhouse installations, p. 263.) Natural ventilation from ridge vents is popular in areas with relatively few days with high ambient temperatures. For natural ventilation, some part of the greenhouse (usually at the peak or ridge) is opened and air movement created by wind pressures or by gradients in air temperatures draws cooler air into the house. Side curtains that can be rolled up either manually or automatically can easily be installed in double-polyethylene film houses. New designs also allow natural ventilation in double-poly greenhouses (Giacomelli and Roberts, 1993) . With any type of natural ventilation system, however, insect netting in the ventilation opening to prevent pest entry and escape of pollinators or beneficials reduces ventilation capacity by approximately 20%.
Cooling is difficult in humid climates, because plant transpiration, fanand-pad evaporative cooling and fogging are all less effective than in arid climates. While natural ventilation is used in some warm-climate greenhouses, hot conditions outside and lack of wind reduce its effectiveness. In the southeastern USA, pest pressures, high humidity and high temperatures force most growers to invest in active mechanical cooling, usually with a combination of fans and pads. With mechanical cooling, low-pressure propeller-blade fans are placed opposite the air intake, which is covered by cellulose evaporative cooling pads. Louvres or other types of covers are placed outside the cooling pads and are closed when the greenhouse is not venting. Ventilation fans are normally sized to allow one air exchange per minute, although researchers in North Carolina and Israel have documented increased cooling at higher rates, especially when combined with evaporative cooling (Willits, 2000) .
Presumably, the temperature averaging method described above as a way of reducing heating costs can also be applied to warm conditions where cooling costs are a concern. This question has not been addressed directly, but Peet et al. (1997) reported that, over the range 25-29°C, the actual day and night temperatures and the day/night differential were less important than the daily average in accounting for declines in fruit set, yield, fruit number and seediness. This suggests that, in areas where summer night temperatures are low, day temperatures can be allowed to exceed the normal maximal levels. Similarly, in areas where night temperatures are excessive, lowering daytime temperatures may be useful, but at a cost of higher energy consumption for cooling. Although the applicability of temperature averaging to above-optimal conditions for plants setting fruit has not been tested directly, data collected in the south-eastern USA in an experiment with night-time air conditioning (Willits and Peet, 1998) suggested the potential feasibility of such an approach during the fruit-set period. After fruit set, plants were much less sensitive to high temperature.
Using temperature to control plant growth
Temperatures can also be used to steer the plant towards a particular growth pattern (Table 9 .6). In the long cropping cycles typical of greenhouse production, tomatoes tend to cycle between being overly vegetative at the beginning of cropping (too much growth and too little fruiting) and later being overly generative (too little growth and excessive fruit loads). Where uniform production is desired, it is helpful to be able to moderate these swings in crop productivity. Temperature is considered to be the most important tool to control flowering and fruit growth, and thus to determine the yield over a particular period. Quantitative data on the effects of temperature on flowering, fruit set, fruit growth and yield (De Koning, 1994) have been used to develop yield prediction models for The Netherlands. In 2002 these models were further developed into an Internet-based expert system (http://www.LetsGrow.com).
Carbon dioxide
CO 2 can be added to the greenhouse in several ways. Natural gas or propane burners hooked up to sensors can be used to generate CO 2 . Different fuel sources provide different amounts of CO 2 . Burning 1 m 3 natural gas, 1 l kerosene or 1 l propane provides 1.8 kg, 2.4 kg and 5.2 kg of CO 2 , respectively (Portree, 1996) . Flue gases from a hot-water boiler burning natural gas can be captured and recirculated. All these sources of CO 2 will add heat and water vapour to the greenhouse, as well as potential pollutants. Low-NOx (nitrous oxide, nitrogen dioxide) burners are available to minimize risks of pollutants reducing yield. The most expensive but safest option is compressed or liquid CO 2 , which is unlikely to contain combustion gases as contaminants and does not add heat or water vapour to the greenhouse. CO 2 sensors should be calibrated periodically and located near the top of the plant. CO 2 distribution within the greenhouse should also be as uniform as possible, to avoid yield differences and for efficient utilization. CO 2 is heavier than air and so it is important that it should reach the plant canopy, rather than remain near the floor.
CO 2 enrichment to 750-800 mol/mol increases yields by 30% compared with standard outside conditions (about 340 mol/mol). A standard approach to enrichment (Nederhoff, 1994) is to inject CO 2 as a byproduct of combustion of natural gas, at a level of 800 mol/mol during heating. At low ventilation rates (< 10% opening), this level is reduced to 500 mol/mol. With further vent opening, the goal is to maintain a base level of 350 mol/mol but this is not always possible. Currently in The Netherlands, maximum levels of CO 2 enrichment are used except for the period from May until September. Even during this period, CO 2 is maintained at ambient levels.
Computer control models (Aikman et al., 1996) have been developed to convert the rate of carbon assimilation in CO 2 -stimulated photosynthesis into an anticipated financial return from fruit sales by linking biological processes with a fruit price model. Since fruit prices are very difficult to predict, use of such models is limited. Bailey (2002) considered strategies for CO 2 enrichment both with liquid CO 2 and with CO 2 from greenhouse heaters or CHP units. On the basis of the financial margin between crop value and the combined costs of CO 2 and natural gas, it was shown that the most economic CO 2 control point with liquid CO 2 depended on its price. With exhaust gas CO 2 and CHP units, financial margin depended on whether there was a heat store for excess daytime heat.
In southern latitudes, greenhouses are vented so frequently that CO 2 enrichment is not practical. In Raleigh, North Carolina, tomatoes could only be CO 2 enriched for 2-3 h daily for most of the growing season (Willits and Peet, 1989) . In any case, when temperatures are above 25°C, CO 2 enrichment may not be cost-effective in North American conditions (Portree, 1996) and may cause stomatal closure, which reduces transpiration. In the 'closed' glasshouse concept, maximum levels of CO 2 will be used year round.
Light intensity
Light intensity is reduced by 20-30% compared with outside, depending on the covering and the greenhouse structure and is further reduced within the plant canopy. Therefore, in almost all regions, CO 2 and irradiance (light intensity) are the most limiting factors for maximizing yield. Economic use of supplemental light is not feasible except in areas with very short days in winter, although in The Netherlands increases in yearly production of 55% have been reported (Marcelis et al., 2002) . One problem is that, when placed overhead, the bulb assembly (reflector, transformer and starter) reduces the interception of natural light by the crop during periods when artificial light is not needed. Assemblies designed to intercept less light have now been developed and in northern Europe and Canada there is interest in systems where supplemental high-intensity discharge (HID) lighting is combined with hanging gutters and intercropping to maximize productivity.
Shade cloths and screens are used in southern production areas to protect fruit at the top of the canopy from sunscald, russeting, and cracking caused by high temperatures and to reduce greenhouse temperatures (see Chapter 6 for additional discussion of the causes of these disorders). Shade cloths also reduce leaf cooling through transpiration, because stomata close, and so reductions in leaf temperatures are less than reductions in air temperature. In North America, a 3% light reduction from screening resulted in a 1% yield reduction, but fruit quality was increased (Portree, 1996) . In Dutch growing conditions, Van Winden et al. (1984) showed that 1% light loss even in summer conditions gave rise to almost 1% yield loss.
Air pollutants
The most common and serious forms of greenhouse pollution are combustion gases generated by faulty heat exchangers, dirty fuel openings and incomplete fuel combustion. Well-sealed, energy-efficient greenhouses have added to the problem by reducing outside air exchanges. At low concentrations, carbon monoxide (CO) can cause headaches and dizziness for workers; and injury Greenhouse Tomato Production 291 Fig. 9 .13. Plant exposed to 10 ppm ethylene overnight. Note twisting vines, downturned leaves, yellowing and flower abortion.
and death can occur above 50 ppm (0.005%). Leaks of fuels such as propane and methane must be fairly large to be hazardous for human health, but even small leaks can adversely affect plants. Similarly, ethylene is dangerous to humans at 5 ppm, but ethylene levels of < 0.05 ppm can make tomato leaves bend downward (epinasty) (Fig. 9.13 ). With chronic exposure to levels as low as 0.02 ppm, stems may thicken, branching may increase, and flower buds may abort or develop into malformed fruit. Symptoms of chronic low exposure may be hard to recognize, especially if plants grown in clean air are not available for comparison. Diagnosis is also difficult because of the time lag between the period of ethylene exposure and the time when damage is noted. Equipment to detect most pollutants directly is not practical for use in the greenhouse, but some North American growers use inexpensive CO monitors in the flue gas. CO levels > 30 ppm may indicate incomplete combustion and potential pollutants. Table 9 .7 indicates potentially harmful levels for people and plants of air pollutants likely to be found in the greenhouse. Most problems are noted when greenhouses are first started up in winter. It may be useful to bring a few potted tomato plants into the greenhouse before transplanting. If symptoms of epinasty are noted on these, the system should be thoroughly checked before the crop is brought into the greenhouse. Air pollution can result from other sources as well, such as paint on heating pipes, cleaning agents and new PVC (Portree, 1996) . The safest practice is to maintain proper ventilation, even at the expense of energy conservation, and observe plants closely for signs of damage when heaters first come on in the autumn and during periods of unusually cold weather in the winter.
Proper maintenance also prevents problems: cleaning the unit heater and fuel orifice at least twice a year and regularly inspecting the flame for changes in appearance. Propane flames should have a small yellow tip, while natural gas flames should be soft blue with a well-defined inner cone. Heater adjustment and checking for gas leaks is best done by professionals before the start of the heating season. Corynebacterium may spread in some production areas with high temperatures. Disease and insect problems typical of field production, such as early blight and beet armyworms, can also occur in greenhouses, particularly those with open sidewalls as in the southern USA and Mediterranean regions.
Biological control
Tomatoes can be grown virtually insecticide-free in North America and northern Europe through the use of biological controls. A number of beneficial insects are available for use against greenhouse pests. Success with biological control requires experience, patience and a good supplier. Problems can arise before the beneficials even enter the greenhouse. Shipments may be the wrong amount or at the wrong stage of development. If packaging was inadequate, or shipping conditions too hot or too cold, the beneficials may have perished during shipment.
Keeping records of lot numbers and date and location released can be helpful. With experience and a good hand lens, samples can be inspected on arrival and for a few days after placement in the house to determine viability, but, with each type of beneficial, different characteristics are important. Treatment after arrival is also crucial. Beneficials should be released immediately, and not left in hot conditions or exposed to temperatures below 10°C (as in a refrigerator). It is also not easy to determine how well the beneficials are establishing, since results are not immediate as with conventional pesticides.
The main groups of biocontrol agents are: (i) parasitoid wasps to control whiteflies; (ii) aphid parasite (Aphidius matricariae) and predator (Aphidoletes aphidimyza, a small midge); (iii) predatory mites (Phytoseiulus persimilis, Amblyseius cucumeris and Hypoaspis) to control spider mites; (iv) nematodes to control fungus gnats; and (v) some general predators (e.g. lacewings, minute pirate bug). Within these general groups, not all types of beneficials will control all types of pests. For example, predatory mites will control spider mites but not russet mites. Whitefly control is also complicated, unless the only species present is the greenhouse whitefly (Trialeuroides vaporariorum), which can be controlled by Encarsia formosa (Fig. 9.14) . Control of the silverleaf whitefly (Bemisia tabaci) is more difficult and requires Eretmocerus eremicus (formerly called E. californicus) or Eretmocerus mundus. Control of silverleaf populations is critical, because they not only reduce plant vigour and excrete honeydew, but also are vectors of viruses and cause uneven fruit ripening. Honeydew from either type of whitefly, or from aphids, supports development of sooty moulds and other fungi on the leaf and fruit surface (Fig. 9.15 ). With mixed whitefly populations, it may be necessary to release both types of predators; and with all types of pests, it is often more effective to use more than one type of biocontrol agent, as environmental conditions, or shifts in pest populations, may favour one over the other at any particular time.
Beneficial insects tend to be more sensitive to pesticides than pests. Once beneficials have been introduced into the greenhouse, the types of pesticide that can be used are very restricted. Lists of allowable pesticides are usually available from suppliers.
Biopesticides
Biopesticides represent a new category of products (sometimes also called biorationals or reduced-risk pesticides), which are safer for humans and have fewer off-target effects. This category includes microbial pesticides, such as Bacillus thuringiensis (Bt), insect protein toxins, entomopathogenic nematodes, baculoviruses, plant-derived pesticides and insect pheromones used for mating disruption. The registration process for these products is streamlined compared with conventional pesticides, making them more likely to be registered for a speciality crop such as greenhouse tomatoes. Material derived from Beauveria bassiana, an entomopathogenic fungus which serves as a bioinsecticide, is available in several formulations to control whiteflies. These materials can be sprayed on the crop just like conventional pesticides but, like conventional pesticides, applications must also be repeated. Insect growth regulators and products derived from natural insecticides, such as neem oil, are other types of biopesticides, but in some cases these can be quite toxic to bumble bees and beneficials.
Conventional pesticides
Few conventional pesticides are registered specifically for greenhouse tomato production. Some materials registered for field production of tomatoes specifically prohibit use in the greenhouse on the label, but others may be used. Growers need to consult the local or national pesticide registry for clarification on which materials can legally be used on greenhouse tomatoes and restrictions as to re-entry interval and days before harvest. There are also detrimental effects of most pesticides on bumble bees and introduced beneficial insects. Although pesticides may be useful for clean-up after the crop or to reduce populations before introducing beneficials, growers should adopt integrated pest management practices rather than rely exclusively on insecticides. In Spain, the response to pests and diseases is mainly preventive spraying; biological control is used on < 5% of the acreage. In Almeria (as shown in Table 9 .8), three to four times the amount of active ingredient per square metre is used compared with The Netherlands, where pesticide use is integrated with biological pest control. Per kilogram of product, the use of active ingredient in Almeria for tomato crops is about 20 times higher than in The Netherlands, even without taking into account soil-applied chemicals in Spain.
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Cultural practices to avoid insect and disease problems
It is of the highest importance to start with plant material that is clean from insects or has a well-balanced system of predators and pests. Great care should also be taken to avoid introducing pests through transplants or ornamentals, which can be sources of thrips, mites and whiteflies. Preventing pest entry through air inlets and entry-ways is also essential. Placing screens directly over the air inlets would reduce circulation too much. With forced air systems, such as fan-and-pad evaporative cooling systems, plenums (screened air entry areas) can be constructed to reduce the pressure drop caused by the screening material. This excludes insects, but still allows adequate ventilation rates. Charts available from screening manufacturers allow calculation of the volume of these screening boxes based on air intake. Double-entry doors with positive pressure are the best way to prevent pests coming in with workers. Within the greenhouse, pest populations should be monitored with yellow sticky cards or tape (see Fig. 9 .10) and control measures should be instigated as soon as adults are detected. Blue sticky cards are especially attractive to western flower thrips and may be a better choice if these have been a problem in the past. However, yellow cards attract whitefly, thrips, leafminers, fungus gnats and winged aphids. Another cultural practice that can affect pest control is de-leafing, which may remove the parasitized immature stages of beneficials, especially parasitic wasps. Sometimes piles of leaves are left between the rows in order to let the adult beneficials emerge, but this is not advisable when disease inoculum is present.
The best way to prevent diseases is to maintain a good greenhouse environment, as discussed under environmental control: good air circulation, optimal plant temperatures, low humidity and no dripping of condensate on plant leaves. In addition, plant wastes should be removed and destroyed promptly.
Diseases in the root environment
Problems of pathogen spread must also be overcome in recirculating systems, as discussed earlier. Heat treatment (30 s at 95°C) and UV radiation are currently the most widely used disinfection methods, but both are expensive and not always effective. In most cases, the return is only partially sterilized. Recently, there has been an interest is the use of slow sand filtration as an alternative to complete disinfection of the nutrient solution in recirculating systems. With slow sand filtration, the resident microflora may have the ability to suppress pathogens such as Pythium and Phytophthora. Thus, disease outbreaks are prevented, without the expense and difficulty of complete sterilization. Soil-borne diseases, such as Fusarium crown rot and Pythium, can also be a problem in non-recirculating systems, though they are mostly controllable through sanitation and resistant cultivars (in the case of Fusarium crown rot).
Root grafting
In soilless production, the main objective of grafting tomato plants on rootstocks is to obtain a higher yield. Since the late 1920s, grafting has been carried out in production in soil to reduce infection by soil-borne diseases caused by pathogens such as Fusarium oxysporum (Chapter 7). For soilless cultivation in greenhouses, therefore, plants were not grafted. However, recently it has been found that grafting results in a higher resistance against virus and fungal diseases such as Verticillium, as grafting results in more vigorous plants (Heijens, 2004) . Grafting of tomato cultivars on rootstocks has also been found to increase high-temperature tolerance (Rivero et al., 2003) , drought tolerance (Bhatt et al., 2002) and salinity tolerance (Fernández-García et al., 2002) . Plant performance depends on the combination of root and scion. For example, the rootstock effect on the tomato salinity response depends on the shoot genotype (Santa Cruz et al., 2002) . These interactions make it difficult to predict the rootstock effect in a particular rootstock-scion combination. Zijlstra and Den Nijs (1987) tested the contribution of the roots to growth and earliness under low-temperature conditions for nine genotypes by making reciprocal grafts using the same genotypes as scion and as rootstock (81 combinations). Although they reported little interaction between rootstock and scion, they observed that tomato genotypes selected for growth and early production under low temperature, performed very poorly when used as a rootstock at low temperature.
The use of rootstocks is common in greenhouse production in The Netherlands. The most widely used rootstock is 'Maxifort' (De Ruiter Seeds), but 'Eldorado' (Enza Zaden), 'Beaufort' (De Ruiter Seeds) and 'Big Power' (Rijk Zwaan) are also used (Heijens, 2004) . Rootstocks are sown 7-10 days earlier than the scion cultivar. The scion is sown about 5 days earlier than the nongrafted plants, to obtain equal-sized plants on the desired planting date, as grafting results in a small delay. Also the number of leaves below the first truss is usually one more than for non-grafted plants (Heijens, 2004) . Grafted plants are 50-100% more expensive and therefore often two stems per plant are kept. The second stem is obtained as a side shoot below the first, second or third truss, or grafted plants are decapitated above the cotyledons. The latter procedure will only result in two equal stems when light levels are high enough (planting from mid-March onwards). Decapitation above the cotyledons results in a delay of 14 days compared with retaining a side shoot on a standard plant. A third method is decapitation above the second leaf. In that case there is the risk of unequal shoots, as the highest one will 'dominate' the lower one (Heijens, 2004) .
MARKETING
Because greenhouse tomatoes are harvested riper than field-grown tomatoes, they are highly perishable, and shippers and buyers must be located well in advance. Since production costs and product quality are higher compared with field production, special attention must be given to receiving a price that will offer a sustainable rate of return on investment. The key is to sell a product clearly superior to field-grown tomatoes in appearance and flavour. Many growers attach stickers or provide promotional material to attract customers and build name recognition (Figs 9.16 and 9.17). The rapid rise in US sales is testimony to consumer willingness to pay more for a high quality product. In northern Europe, growers' groups sell their tomatoes under a specific brand, e.g. 'Tasty Tom' or 'Nature's choice'. They guarantee their brand by adhering to strict growing strategies, focused on optimizing shelf-life and taste. For that reason a specific 'taste' model is used, manipulating cultural practices such as temperature control, feeding regime and cultivar to optimize taste attributes (Verkerke et al., 1998) . For smaller growers, direct sales at their greenhouse, grower cooperatives, farmers' markets, or speciality outlets, such as organic and health food stores, are all viable options.
HARVEST
The superior taste and texture of greenhouse tomatoes is often attributed to the fact that they remain longer on the vine and reach the consumer sooner than field tomatoes. For direct marketers, fruit are harvested virtually redripe. For large operations shipping cross-country or even overseas, beefsteak types may be harvested earlier, but never before the breaker stage (first show of colour at the blossom scar). For both types of sales, attractive packaging and presentation are critical. The thin skins and fruit walls of greenhouse cultivars contribute to their appeal to consumers but expose them to injury during harvest and packing. Generally they are packed in a single layer, rather than being stacked (as is the practice with field tomatoes). Many large greenhouses have systems designed to protect the fruit and reduce labour costs during harvest. These include pipe-rail systems for moving picking carts along the rows and hydraulic lifts to allow workers to work the plants and harvest. In beefsteak tomatoes, the calyx and stem are usually removed at harvest to prevent puncture wounds, although those shown in Fig. 9 .16 have the calyx intact. In cluster tomatoes, the entire cluster is cut off at the main stem and kept together either by placing in a single layer in boxes, clamshells, plastic sleeves or mesh bags.
POSTHARVEST PACKING AND STORAGE
Most large greenhouses have automated packing lines, similar to those used for packing the field crop except that greenhouse tomatoes are usually packed in stackable single-layer boxes (Figs 9.16 and 9.17) . Greenhouse tomatoes are generally not stored, or in the case of North America for not more than the few days necessary to move the crop to market, but even in this short period optimal temperature and humidity should be maintained (10-13°C and 90-95% relative humidity). Because tomatoes are picked at the breaker stage or later, artificial ripening with ethylene is unnecessary. Ethrel is sometimes used by cluster-tomato growers to promote simultaneous ripening of all fruit on the cluster. Normally this is only done when the grower wants to finish up the harvest in late autumn before the new crop comes into production. In this case, care should be taken not to expose the transplants to such high levels of ethylene as to promote flower abortion and growth abnormalities (see Fig.  9 .13). Furthermore, shelf-life might be affected negatively. Naturally ripening tomatoes are also a source of ethylene and should not be stored or transported with ethylene-sensitive crops such as broccoli, lettuce and cucumber.
POTENTIAL PRODUCTION
Yields are increasing worldwide because of better cultivars and more intensive use of technology. However, in comparing production figures, it is important to note the length of the production season, plant density and the number of crops per year. In general, greenhouse tomato yields are much higher than for outdoor production: 375 t/ha/year compared with 100 t/ha/year (Jensen and Malter, 1995) . Yields in soilless greenhouse systems average higher than yields in soilbased greenhouse systems, though meaningful comparisons of productivity are difficult. Soil-based greenhouse systems are usually managed less intensively, with lower overhead, capital, marketing, production and operating costs and a shorter growing season. Growers in soil-based greenhouse systems also often retail locally, or sell organic produce, rather than selling their crop wholesale or through a broker. Thus, smaller growers can also operate profitably, especially if they do not compete in the same markets with large operations.
For an individual plant in a high light environment, such as the southwestern USA, 18 kg/plant over a 7-8-month cropping period represents an excellent yield (Jensen and Malter, 1995) . In the south-eastern USA, yields of 9-10 kg/plant are more common, representing shorter seasons, lower light and less intensive production techniques. In BC, Canada, target yields are 65 kg/m 2 , or 275-350 fruit/m 2 over the entire production cycle (Portree, 1996) . Tomato production in Dutch greenhouses increased from 250 t/ha in 1985 to 400 t/ha in 1994 (Anonymous, 1995) . Recent estimates in The Netherlands range from 47 kg/m 2 for cluster tomatoes to 53 kg/m 2 for beefsteak tomatoes (see Table 9 .2). Systems with hanging gutters and HID lights may push the production barrier even higher. In the UK, the best growers already achieve annual yields of 800 t/ha compared with average national yields in 2000 of 440 t/ha (Ho, 2004) . Further large increases are most likely to result from a longer harvest season, which will require supplemental lighting and interplanting. This will only be practical if a relatively cheap year-round supply of CO 2 and electricity is available from CHP or other energy sources. In that case, an annual yield of more than 1000 t/ha could be achieved by a year-round, non-stop picking production system (Ho, 2004) . In the meantime, breeders, engineers, horticulturalists and physiologists are working on ways to increase yield and quality of greenhouse tomatoes, while decreasing costs, including labour, and adverse environmental impacts.
CONCLUSION
Production of greenhouse tomatoes is demanding in terms of capital, energy, labour and management. Although production levels might be raised further to as much as 100 kg/m 2 in the coming decades, profitable operation requires excellent management and tight integration of the various production processes.
